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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Stress corrosion cracking (SCC) of 316L single-crystal austenitic stainless steel subjected to low loads (σnom = 20-40 MPa) 
in a 45 % boiling MgCl2 solution was studied using synchrotron X-ray computed tomography, finite element analysis and so on. 
Results show that there was no surface slip band around the nucleation sites and the tips of short cracks. Three-dimensional 
reconstruction of discontinuous zig-zag surface SCC crack indicates that the crack was continuous inside the specimen. The 
obtaining through two-surface trace analysis manifests, rather than {1 1 1} slip planes, the cracks extended along {1 0 0} planes 
with the lowest surface energy. It is considered that microcleavage and local dissolut on synergistically led to the SCC advance, 
and microshear was also one of the primarily mi oscopic SCC mechanisms under the high load. The three-dimensional SCC 
model was created at the low s ress level, where a main SCC crack grew alo g the MPD du  to anodic dissolution, and a 
microdefect was formed on the crack front. When the microdefect enlarged to a critical size, sec nd ry microcracks nucleated at 
the stress-concentrated microdefect shoulders. Then, the microcracks propagated to two sides of the MPD through anodic 
dissolution, microcleavage or mciroshear, resulting in the formation of the river-like fractography and the discontinuous surface 
SCC cracks with or without surface slipping. 
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1. Introduction 
The deleterious effect of stress corrosion cracking (SCC) on engineering materials has been well documented for 
over a century in civil and military industries such as nuclear, aerospace and so on. Abundant effort was dedicated to 
the protection of the damage in order to seek out a reasonable predictive approach. Several SCC mechanisms were 
proposed in the last decades on the basis of the two-dimensional experimental phenomena. Among these, there were 
two well-known models for the stainless steel/MgCl2 solution system, including the slip dissolution model and the 
corrosion-enhanced plasticity model (CEPM). The former by Logan (1952), Vermilyea (1972), Kolman et al. (1999), 
Newman and Gutman (2007), and Hall (2009) postulated that either emerging slip planes or simply exposing fresh 
metal surfaces by rupturing protective films acted as anodes. This speeded up metal dissolution prior to re-
appearance of the planes, or re-establishment of protective films, while repetition of this sequence made the cracks 
continuously propagate. However, in CEPM by Magnin et al. (1990 and 1996), Flanagan et al. (1991) and Chateau et 
al. (2002), the local stress increases due to dislocation pile-ups, while the critical stress intensity factor, KIC, 
decreased due to hydrogen, leading to the discontinuous microcrack initiation in front of the main crack tips. 
Both of them emphasized the necessity of dislocation motion and slipping. Nevertheless, Sieradzki and Newman 
(1985) put forward the film-induced cleavage fracture mechanism in the brass/aqueous ammonia system, that the 
crack advanced brittly on account of the restricted dislocation emission in the metal matrixes. That is, SCC of ductile 
materials occurred possibly without dislocation slipping. Based on the autocatalysis theory of the occluded cell, the 
pH value actually decreased inside the crack tip owing to the hydrolysis of metal ions. The crack tip acted as an 
anode to be dissolved, then the film was able to be formed. The comparison of elastic behavior of the aircraft 
structural A97075 Al-alloy and bulk Al2O3 oxide by Callister (1985) and Gutman (2007) demonstrates that the 
fracture strain of aluminum oxide, εf=0.0007, was much less than the elastic limit of the aluminum alloy, εYS=0.002. 
It is probable that anodic dissolution and the rupture of brittle films promoted SCC advance, whereas the ductile 
matrix did not deform nonlinearly. 
The argument of the two models was inconsistent whether the cracks propagated continuously or not. From the 
view of anodic dissolution, an SCC process was continuous, but the crack could also nucleate discontinuously in 
terms of dislocation pile-ups. In previous experiments, however, this kind of dislocation motion was not observed, 
meaning the Stroh-Cottrell mechanism might be ineffective. Marrow et al. (2006) and King et al. (2008) 
systematically studied intergranular SCC of a sensitized austenitic stainless steel by observing fractography and X-
ray computed tomographic images. It is detected that the discontinuous surface crack was actually continuous within 
the specimen. Additionally, for transgranular SCC, some cracks usually propagated along low-index crystal planes. 
Magnin et al. (1990) investigated SCC of 316 alloys in the 153 °C boiling MgCl2 solution, and suggested that the 
transgranular cracking was related to both microshear on the {1 1 1} planes and microcleavage mainly on the {1 0 
0} planes. Li et al. (1989) employed etch-pitting and stereographic observations to analyze the SCC crystallography 
of the same SCC system. The results show that the cracking occurred predominantly on the {1 0 0} planes. In 304L 
and 310 stainless steels, the SCC cracks occurred primarily on the {1 0 0} planes, while secondary cracks on the {1 
1 0} planes were also detected, referred to Meletis et al. (1984 and 1986) and Dickson et al. (1987). 
Although lots of experimental and simulative research focused on the micro and macroscopic SCC phenomena 
and mechanisms, accurately predicative models have not been created until now. In particular, the experimental 
stress applying to SCC specimens was often larger than their yielding strength, while the service loads for 
engineering materials were generally far below their yielding strength when SCC took place. On account of the 
inconsistency, there were a few ductile fracture processes under highly experimental loads, which might induce the 
formation of the ineffective models. In this work, a three-dimensional SCC model at low stress levels was proposed. 
Afterward, we discussed detailedly the microscopic SCC mechanisms for the stainless steel/MgCl2 solution system. 
2. Outline of experimental results 
As already mentioned, the transgranular SCC fracture in ductile materials was a three-dimensional and 
crystallographic process. The case of 316L austenitic stainless steel in a 45% MgCl2 solution was one where the 
normal stress σ=20-40 MPa was applied to the specimens. The effects of localized deformation and three-
Copyright © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license  
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Abstract 
Stress corrosion cracking (SCC) of 316L single-crystal austenitic stainless steel subjected to low loads (σnom = 20-40 MPa) 
in a 45 % boiling MgCl2 solution was studied using synchrotron X-ray computed tomography, finite element analysis and so on. 
Results show that there was no surface slip band around the nucleation sites and the tips of short cracks. Three-dimensional 
reconstruction of discontinuous zig-zag surface SCC crack indicates that the crack was continuous inside the specimen. The 
obtaining through two-surface trace analysis manifests, rather than {1 1 1} slip planes, the cracks extended along {1 0 0} planes 
with the lowest surface energy. It is considered that microcleavage and local dissolution synergistically led to the SCC advance, 
and microshear was also one of the primarily microscopic SCC mechanisms under the high load. The three-dimensional SCC 
model was created at the low stress level, where a main SCC crack grew along the MPD due to anodic dissolution, and a 
microdefect was formed on the crack front. When the microdefect enlarged to a critical size, secondary microcracks nucleated at 
the stress-concentrated microdefect shoulders. Then, the microcracks propagated to two sides of the MPD through anodic 
dissolution, microcleavage or mciroshear, resulting in the formation of the river-like fractography and the discontinuous surface 
SCC cracks with or without surface slipping. 
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The deleterious effect of stress corrosion cracking (SCC) on engineering materials has been well documented for 
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engineering materials were generally far below their yielding strength when SCC took place. On account of the 
inconsistency, there were a few ductile fracture processes under highly experimental loads, which might induce the 
formation of the ineffective models. In this work, a three-dimensional SCC model at low stress levels was proposed. 
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dimensional features on SCC initiation and propagation were studied in detail Zhu et al. (2013, 2014 and 2015) and 
Qiao et al. (2011). The findings as follows: 
(1)SCC without surface slipping 
As shown in Fig. 1, it is found that there was no surface slip band in the initiation zone or around the tip of Crack 
1. With crack propagation, SCC mechanisms could transfer from the low-stress model into the high-load one, shown 
in Fig. 2. At the initiation site in Fig. 2(b), there was no surface slip band in the area between labals 1 and 2. Then, 
the area between labels 2 and 3 was examined, shown in Fig. 2(a), (c), and several slip bands emerged on the sample 
surface. Finally, the crack propagated in the area between labels 2 and 3. Crossing slipping took place when the 
stress distributed at the crack tip was up to a critical scale, illustrated in Fig. 2(a) and (d). 
 
Fig. 1. The surface morphology of Crack 1 in a specimen subjected to 20 MPa normal stress: (a) the whole crack, (b) the crack tip, where there 
was no surface slip band around Crack 1, referred to Zhu et al. (2015). 
 
 
Fig. 2. (a) The whole surface morphology of a fractured specimen subjected to 20 MPa normal stress; (b) partial surface morphology of the area 
between labels 1 and 2 in (a); (c) partial surface morphology of the area between labels 2 and 3 in (a); (d) partial surface morphology of the area 
between labels 3 and 4 in (a), some slip bands were virginal above the arrow and the other were coated by corrosion products on the right of the 
arrow, referred to Zhu et al. (2015). 
 
 (2) Inner continuity of discontinuous surface SCC cracks 
    Three-dimensional SCC morphology was analyzed through non-destructive X-ray computed tomography. The 
surface morphology and fractograph of Crack 2 were characterized by SEM, as shown in Fig. 3. Two discrete crack 
sections split by the ligament “L2” on the side surface between the dotted lines “1” and “2” in Fig. 3(a1), connected 
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with each other inside the specimen in Fig. 3(b). Likewise, this kind of external discontinuity and internal continuity 
phenomenon was explicitly reflected in the fractograph in Fig. 3(a3). A protrusion at the right edge was just the 
ligament “L2”. It initiated at an inner point and gradually propagated to the right edge, directly leading to the 
formation of the discontinuous crack tip on the surface. In conclusion, the three-dimensional crack morphology 
together with the fractograph indicates that the discontinuous SCC crack continuously propagated inside the 
specimen, and the surface microcracks were separated by the ligaments. 
 
 
Fig. 3. (a1) Optical micrograph of the Crack 2’s tip on the side surface of the specimen by wire-electrode cutting; (a2) SEM morphology after the 
specimen was pulled apart along the crack; (a3) SEM fractograph of the Crack 2’ tip; (b) 3-D rendering of the Crack 2 between the dotted lines 
“1” and “2” in (a3), where the crack was indicated in yellow, referred to Zhu et al. (2014). 
 
(3) Microcleavage on {1 0 0} planes 
As a type of brittle fracture, SCC usually nucleates and propagates along a certain crystal planes. Two-surface 
trace analysis was employed to characterize crystallographic feathers of the cracking planes. As seen in Fig. 4, the 
first surface containing microcracks was the (0 1 4) crystal plane detected by EBSD. The angle between the [2 4 -1] 
crystal orientation and the microcracks was either 78° or 102°. According to the crystallography, the relationships 
between the [u v w] crystal orientation and the microcracks on the (0 1 4) crystal plane are: 
 
                                                                                                                                                                                   
(1) 
 
                                                                                                                                                                                   (2) 
 
Thus, the orientation of the microcracks was either [1 -0.24 0.06] or [1 -0.76 0.19]. Then, a 7 μm thick layer was 
removed by mechanical polishing, and the freshly exposed surface was the second one, shown in Fig. 4(b). On the 
first and second surfaces, the distances between the labels M1 and M1’ and the microcrack were measured, shown 
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“1” and “2” in (a3), where the crack was indicated in yellow, referred to Zhu et al. (2014). 
 
(3) Microcleavage on {1 0 0} planes 
As a type of brittle fracture, SCC usually nucleates and propagates along a certain crystal planes. Two-surface 
trace analysis was employed to characterize crystallographic feathers of the cracking planes. As seen in Fig. 4, the 
first surface containing microcracks was the (0 1 4) crystal plane detected by EBSD. The angle between the [2 4 -1] 
crystal orientation and the microcracks was either 78° or 102°. According to the crystallography, the relationships 
between the [u v w] crystal orientation and the microcracks on the (0 1 4) crystal plane are: 
 
                                                                                                                                                                                   
(1) 
 
                                                                                                                                                                                   (2) 
 
Thus, the orientation of the microcracks was either [1 -0.24 0.06] or [1 -0.76 0.19]. Then, a 7 μm thick layer was 
removed by mechanical polishing, and the freshly exposed surface was the second one, shown in Fig. 4(b). On the 
first and second surfaces, the distances between the labels M1 and M1’ and the microcrack were measured, shown 
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schematically in Fig. 4(c). The tilt angle between the cracking plane and the first surface were determined as either 
7° or 183°. In terms of the crystallography, the expressions for the (h k l) cracking plane are: 
(3
) 
 
(4) 
 
When the microcrack orientation [u v w] was [1 -0.24 0.06], the (h k l) cracking plane was either (0.03 0.38 1) 
or (-0.03 0.13 1), while the [1 -0.79 0.19] microcrack orientation corresponded to either (0.08 0.36 1) or (-0.08 0.15 
1). However, there was a certain error when measuring the angles, and the angles between the cracking planes and 
the low index crystal planes were estimated. For the microcrack, there was a 8° minimum angle between (1 0 0) and 
the obtained cracking planes, but for (1 1 1) this minimum angle is 44°. As a consequence, the cracking plane should 
be (1 0 0). 
 
 
Fig. 4. Morphology of (a) the original surface and (b) mechanically polished surface after removing a 7 μm thick layer, and (c) schematic diagram 
of the angle formed by the microcrack and the first surface between the labels M1 and M1’ , referred to Zhu et al. (2015). 
 
 
Fig. 5. (a) Microcracks “1” to “7” on a side surface of 316L stainless steel single crystal and (b) typical river-like fractograph of the same area in 
(a), where the area marked by dotted lines was defined as MPD and a number of discontinuous secondary cracks and steps marked by arrows 
emanated from MPD and angularly extended to both sides of MPD, leading to the formation of the discontinuous surface microcrack, referred to 
Zhu et al (2014). 
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Finite element simulation by Zhu et al. (2013 and 2014) indicates that the normal stress and strain concentrated 
inside the crack tip without a pitting defect. When the defect was formed, normal stress and strain concentration sites 
simultaneously transferred to the defect edges rather than the defect bottom. The stress and strain distribution was in 
favor of preferential SCC initiation inside the crack tip and at the defect edges. Figure 5 shows the typical river-like 
SCC fractograph and the discontinuous surface microcracks of the austenitic stainless steel in the 45 % boiling 
MgCl2 solution. It is found that the area marked by dotted lines was smooth and continuous, approximately from 
several to more than ten microns in width, defined as a macroscopic propagation direction (MPD). A number of 
secondary cracks and steps, marked by arrows, emanated from the MPD and were extended to the two sides of the 
MPD at an angle. Obviously, some of them reached the edge of the fractograph, resulting in the formation of the 
discrete surface microcracks “1” to “7”, shown in Fig. 5(a). As a consequence, the continuous MPD directly caused 
the inner SCC continuity at the micron scale, while the microscopic surface SCC discontinuity was induced by the 
secondary cracks and steps emanating from the MPD. 
3. A three-dimensional SCC model under low loads 
On the basis of the above experimental and simulative results of the stainless steel/MgCl2 solution system, a 
three-dimensional SCC model was created under low loads of 0.1-0.2 times of the yielding strength for engineering 
materials. There were two points to be concerned before modeling the SCC process. It is considered that SCC cracks 
nucleated when the stress intensity factor, KI, at the crack tip exceeded the threshold stress intensity factor, KISCC: 
                                                                                                                                                                                   (5) 
When the shear stress, τ, was equal to or greater than the critical shear stress, τC, dislocation emission and slipping 
were able to occur: 
                                                                                                                                                                                   (6) 
 
Fig. 6. A three-dimensional SCC model at low loads, where (d) presented a dislocation emission process at high stress levels, but under very low 
loads SCC might nucleate and propagate without dislocation slipping in this process. 
 
In the light of Eqs (5) and (6) as well as the theory of environmentally assisted cracking, the low-load SCC model 
was put forward. The included steps as follows: 
(1) It is assumed that the SCC crack front was linear and smooth, shown in Fig. 6(a). A microdefect was apt to 
initiate inside the crack tip owing to the stress concentration and the smaller pH value. 
(2) Once the microdefect was formed, seen in Fig. 6(b), the normal stress concentrated at the defect shoulders 
rather than the defect base. The low-potential zone, induced by the different stress distribution, dissolved 
preferentially at the low stress levels. 
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schematically in Fig. 4(c). The tilt angle between the cracking plane and the first surface were determined as either 
7° or 183°. In terms of the crystallography, the expressions for the (h k l) cracking plane are: 
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When the microcrack orientation [u v w] was [1 -0.24 0.06], the (h k l) cracking plane was either (0.03 0.38 1) 
or (-0.03 0.13 1), while the [1 -0.79 0.19] microcrack orientation corresponded to either (0.08 0.36 1) or (-0.08 0.15 
1). However, there was a certain error when measuring the angles, and the angles between the cracking planes and 
the low index crystal planes were estimated. For the microcrack, there was a 8° minimum angle between (1 0 0) and 
the obtained cracking planes, but for (1 1 1) this minimum angle is 44°. As a consequence, the cracking plane should 
be (1 0 0). 
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of the angle formed by the microcrack and the first surface between the labels M1 and M1’ , referred to Zhu et al. (2015). 
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(a), where the area marked by dotted lines was defined as MPD and a number of discontinuous secondary cracks and steps marked by arrows 
emanated from MPD and angularly extended to both sides of MPD, leading to the formation of the discontinuous surface microcrack, referred to 
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Finite element simulation by Zhu et al. (2013 and 2014) indicates that the normal stress and strain concentrated 
inside the crack tip without a pitting defect. When the defect was formed, normal stress and strain concentration sites 
simultaneously transferred to the defect edges rather than the defect bottom. The stress and strain distribution was in 
favor of preferential SCC initiation inside the crack tip and at the defect edges. Figure 5 shows the typical river-like 
SCC fractograph and the discontinuous surface microcracks of the austenitic stainless steel in the 45 % boiling 
MgCl2 solution. It is found that the area marked by dotted lines was smooth and continuous, approximately from 
several to more than ten microns in width, defined as a macroscopic propagation direction (MPD). A number of 
secondary cracks and steps, marked by arrows, emanated from the MPD and were extended to the two sides of the 
MPD at an angle. Obviously, some of them reached the edge of the fractograph, resulting in the formation of the 
discrete surface microcracks “1” to “7”, shown in Fig. 5(a). As a consequence, the continuous MPD directly caused 
the inner SCC continuity at the micron scale, while the microscopic surface SCC discontinuity was induced by the 
secondary cracks and steps emanating from the MPD. 
3. A three-dimensional SCC model under low loads 
On the basis of the above experimental and simulative results of the stainless steel/MgCl2 solution system, a 
three-dimensional SCC model was created under low loads of 0.1-0.2 times of the yielding strength for engineering 
materials. There were two points to be concerned before modeling the SCC process. It is considered that SCC cracks 
nucleated when the stress intensity factor, KI, at the crack tip exceeded the threshold stress intensity factor, KISCC: 
                                                                                                                                                                                   (5) 
When the shear stress, τ, was equal to or greater than the critical shear stress, τC, dislocation emission and slipping 
were able to occur: 
                                                                                                                                                                                   (6) 
 
Fig. 6. A three-dimensional SCC model at low loads, where (d) presented a dislocation emission process at high stress levels, but under very low 
loads SCC might nucleate and propagate without dislocation slipping in this process. 
 
In the light of Eqs (5) and (6) as well as the theory of environmentally assisted cracking, the low-load SCC model 
was put forward. The included steps as follows: 
(1) It is assumed that the SCC crack front was linear and smooth, shown in Fig. 6(a). A microdefect was apt to 
initiate inside the crack tip owing to the stress concentration and the smaller pH value. 
(2) Once the microdefect was formed, seen in Fig. 6(b), the normal stress concentrated at the defect shoulders 
rather than the defect base. The low-potential zone, induced by the different stress distribution, dissolved 
preferentially at the low stress levels. 
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(3) The microdefect gradually grew and enlarged, shown in Fig. 6(c). Meanwhile, the normal stress increased 
little by little at the defect shoulder. 
(4) Slipping and dislocation emission by the shear stress took place on occasion of τ ≥ τC at the defect shoulder, 
shown in Fig. 6(d). Under very low loads, however, SCC with rather small KISCC could nucleate and propagate 
without dislocation slipping in this process. 
(5) while KI ≥ KISCC under the action of the normal stress, SCC microcracks initiated and grew at the defect 
shoulders, shown in Fig. 6(e). The microscopic cracking was able to be caused by localized dissolution, 
microcleavage, microshear or synergistic effects of them. 
(6) With the defect growth, a macroscopic propagation direction was formed near the mid-thickness of the 
specimen. The microcracks emanating discontinuously from the defect shoulders propagated to the two sides of 
MPD. Finally, some of the microcracks reached the sample surfaces, resulting in the formation of microsteps, 
disconnected surface microcracks such as 1 to 4 as well as the river-like fractograph shown in Fig. 6(f). 
4. Discussion 
4.1. Microcleavage on low-surface-energy crystal planes 
As one of the transgranular SCC mechanisms, microcleavage under normal stress usually originated from a 
certain planes in crystal materials. In terms of the Griffith’s theory, the brittle fracture depended on the surface 
energy of the cracking plane, for instance the critical stress intensity factor of the brittle fracture, KIC: 
 
                                                                                                                                                                                   (7) 
 
where γ is the surface energy of the cracking plane, E is the elastic modular, ν is the poisson’s ratio. The previous 
results by Caglioti et al. (1971) and Meletis et al. (1984) show that the {1 0 0} planes had the lowest surface energy 
for austenitic stainless steels. In this circumstance, the cleavage planes were preferentially formed on the {1 0 0} 
planes when KI ≥ KIC. The SCC microcracks actually propagated along the {100} planes in our experimental results. 
Besides, there were also a few SCC cracks along other cleavage planes such as {1 1 0}, referred to Meletis et al. 
(1984 and 1986) and Dickson et al. (1987). On these low-surface-energy planes, the normal stress devoted to 
microcleavage was composed of the applied normal stress and the microscopic deformation of the crystal lattices. 
For example, hydrogen atoms which were generated by cathodic reactions infiltrated into octahedral interstices of 
face-centered cubic austenitic stainless steel, inducing the inhomogeneous stress distribution of microscopically 
local areas. Therefore, the SCC cracks nucleated preferentially at the stress concentrated sites of the low-surface-
energy crystal planes. 
With SCC propagation in specimens subjected to constant loads, the stress around the crack tip gradually 
increased. Orowan and Irwin considered that except from the surface energy, it was necessary for the crack initiation 
and propagation to release energy by plastic deformation. For cracked specimens, the stress and strain were highly 
localized, and dislocations emitted around the crack tips at the high stress levels. The presence of dislocations 
modified the stress intensity factor at the crack tip, referred to Chateau (2002): 
 
                                                                                                                                                                                   (8) 
 
where KIa is the applied stress intensity factor and KD is the contribution of each dislocation. From the view of the 
linear defects, the more dislocations emitted at the crack tip, the larger the SCC propagation rate was. In our 
experiments, it is obvious that the slip bands emerged near the long crack tip, and the crack emanated from the non-
surface-slipping area, then extended into the necking zone with numerous surface slip bands and secondary cracks. 
As a consequence, the high stress promoted the microscopic cleavage of transgranular SCC. 
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4.2. Slipping and dislocation emission 
The shear deformation including slipping and dislocation motion was considered as a main mechanism of SCC 
initiation and propagation. The results in this work show that SCC was capable of advancing with and without 
slipping in single-crystal austenitic stainless steels. In theory, the {1 1 1} <1 1 0> slip systems in face-centered cubic 
metals started when the shear stress, τ, applied to the {1 1 1} slip plane along the <1 1 0> direction was equal to or 
greater than the critical shear stress, τC. Based on the Schmidt’s law, the shear stress, τ, is represented by: 
                                                                                                                                                                                        (9) 
where σ is the applied stress, φ is the angle between the applied stress axis and the normal line of the {1 1 1} slip 
plane, λ is the angle between the applied stress and the <1 1 0> slip direction, and μ=cosφcosλ is the Schmidt’s 
factor. As a result, τ was lower than τC when μ was constant and σ was very low, or when σ was constant and μ was 
quite small. In this circumstance, the slip system did not start and there was no slip band on the specimen surfaces. 
Under the high loads or with the SCC cracks extending in specimens subjected to constant loads, the stress enlarged 
step by step and the surface slipping took place again around the crack tip. Analogously, as the microscopic slipping 
process, the dislocation emission also depended on the stress distributed in the local areas. 
Different from the microcleavage under the normal stress, the microshear might also avail to SCC initiation and 
propagation. The gliding along slip planes {1 1 1} intersected on the cracking surfaces, which could form the 
dislocation pile-ups, named after the Stroh-Cottrell mechanism. Although the phenomenon that a microcrack 
initiated by means of the dislocation pile-ups has not been detected until now, it is not denied that the microshear 
played an important role on SCC advance under the high loads. As stated above, for instance, the dislocation motion 
to the cracking planes could accelerate the microcleavage process. Meanwhile, the stress concentration areas, caused 
by the shear deformation, acted as the preferential SCC nucleation sites or anodes to be dissolved. Hence, it is 
considered that the microshear was one of the main SCC mechanisms at the high stress levels, possibly in favor of 
microcleavage and anodic dissolution. 
4.3. Localized dissolution 
SCC was an electrochemical process in essence, in which anodic dissolution of freshly exposed surfaces induced 
the crack growth, referred to Logan (1952), Vermilyea (1972), Kolman et al. (1999), Newman and Gutman (2007), 
and Hall (2009).In our experiments, the effect of dissolution on SCC was different with the extension of the cracks 
from the non-surface-slipping areas to the necking zones under the constant loads. That is, SCC was primarily 
controlled by localized dissolution under very low loads. In this case, the stress was not enough to cleavage or shear 
deformation. According to the localized dissolution mechanism and the experimental results, the new defects were 
able to be formed on the crack fronts and the normal stress for cleavage should firstly play a role on SCC, then the 
dislocations slip along {1 1 1} planes when τ ≥ τC. Inversely, the freshly formed surfaces by cleavage or yielding 
served as anodes to be dissolved. Consequently, the synergistic effects of localized dissolution, microcleavage and 
microshear induced SCC initiation and propagation at the high stress levels, while anodic dissolution and 
microcleavage were main SCC mechanisms under the low loads. In terms of the Faraday’s law, the instantaneous 
crack growth rate, a, can be expressed as a function of the instantaneous anodic current density, ia, 
 
                                                                                                                                                                                 (10) 
 
where M is the molecular weight; z is the charge of the metal cation; ρ is the metal density; F is the Faraday’s 
constant. In the light of Eq. (10), however, the calculated SCC propagation rate did not correspond with the 
experimental obtaining, which should be caused by the localized dissolution not being the single SCC mechanism. 
Thus, the above three microscopic mechanisms ought to be comprehensively considered in the process of SCC 
advance. 
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(3) The microdefect gradually grew and enlarged, shown in Fig. 6(c). Meanwhile, the normal stress increased 
little by little at the defect shoulder. 
(4) Slipping and dislocation emission by the shear stress took place on occasion of τ ≥ τC at the defect shoulder, 
shown in Fig. 6(d). Under very low loads, however, SCC with rather small KISCC could nucleate and propagate 
without dislocation slipping in this process. 
(5) while KI ≥ KISCC under the action of the normal stress, SCC microcracks initiated and grew at the defect 
shoulders, shown in Fig. 6(e). The microscopic cracking was able to be caused by localized dissolution, 
microcleavage, microshear or synergistic effects of them. 
(6) With the defect growth, a macroscopic propagation direction was formed near the mid-thickness of the 
specimen. The microcracks emanating discontinuously from the defect shoulders propagated to the two sides of 
MPD. Finally, some of the microcracks reached the sample surfaces, resulting in the formation of microsteps, 
disconnected surface microcracks such as 1 to 4 as well as the river-like fractograph shown in Fig. 6(f). 
4. Discussion 
4.1. Microcleavage on low-surface-energy crystal planes 
As one of the transgranular SCC mechanisms, microcleavage under normal stress usually originated from a 
certain planes in crystal materials. In terms of the Griffith’s theory, the brittle fracture depended on the surface 
energy of the cracking plane, for instance the critical stress intensity factor of the brittle fracture, KIC: 
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where γ is the surface energy of the cracking plane, E is the elastic modular, ν is the poisson’s ratio. The previous 
results by Caglioti et al. (1971) and Meletis et al. (1984) show that the {1 0 0} planes had the lowest surface energy 
for austenitic stainless steels. In this circumstance, the cleavage planes were preferentially formed on the {1 0 0} 
planes when KI ≥ KIC. The SCC microcracks actually propagated along the {100} planes in our experimental results. 
Besides, there were also a few SCC cracks along other cleavage planes such as {1 1 0}, referred to Meletis et al. 
(1984 and 1986) and Dickson et al. (1987). On these low-surface-energy planes, the normal stress devoted to 
microcleavage was composed of the applied normal stress and the microscopic deformation of the crystal lattices. 
For example, hydrogen atoms which were generated by cathodic reactions infiltrated into octahedral interstices of 
face-centered cubic austenitic stainless steel, inducing the inhomogeneous stress distribution of microscopically 
local areas. Therefore, the SCC cracks nucleated preferentially at the stress concentrated sites of the low-surface-
energy crystal planes. 
With SCC propagation in specimens subjected to constant loads, the stress around the crack tip gradually 
increased. Orowan and Irwin considered that except from the surface energy, it was necessary for the crack initiation 
and propagation to release energy by plastic deformation. For cracked specimens, the stress and strain were highly 
localized, and dislocations emitted around the crack tips at the high stress levels. The presence of dislocations 
modified the stress intensity factor at the crack tip, referred to Chateau (2002): 
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where KIa is the applied stress intensity factor and KD is the contribution of each dislocation. From the view of the 
linear defects, the more dislocations emitted at the crack tip, the larger the SCC propagation rate was. In our 
experiments, it is obvious that the slip bands emerged near the long crack tip, and the crack emanated from the non-
surface-slipping area, then extended into the necking zone with numerous surface slip bands and secondary cracks. 
As a consequence, the high stress promoted the microscopic cleavage of transgranular SCC. 
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4.2. Slipping and dislocation emission 
The shear deformation including slipping and dislocation motion was considered as a main mechanism of SCC 
initiation and propagation. The results in this work show that SCC was capable of advancing with and without 
slipping in single-crystal austenitic stainless steels. In theory, the {1 1 1} <1 1 0> slip systems in face-centered cubic 
metals started when the shear stress, τ, applied to the {1 1 1} slip plane along the <1 1 0> direction was equal to or 
greater than the critical shear stress, τC. Based on the Schmidt’s law, the shear stress, τ, is represented by: 
                                                                                                                                                                                        (9) 
where σ is the applied stress, φ is the angle between the applied stress axis and the normal line of the {1 1 1} slip 
plane, λ is the angle between the applied stress and the <1 1 0> slip direction, and μ=cosφcosλ is the Schmidt’s 
factor. As a result, τ was lower than τC when μ was constant and σ was very low, or when σ was constant and μ was 
quite small. In this circumstance, the slip system did not start and there was no slip band on the specimen surfaces. 
Under the high loads or with the SCC cracks extending in specimens subjected to constant loads, the stress enlarged 
step by step and the surface slipping took place again around the crack tip. Analogously, as the microscopic slipping 
process, the dislocation emission also depended on the stress distributed in the local areas. 
Different from the microcleavage under the normal stress, the microshear might also avail to SCC initiation and 
propagation. The gliding along slip planes {1 1 1} intersected on the cracking surfaces, which could form the 
dislocation pile-ups, named after the Stroh-Cottrell mechanism. Although the phenomenon that a microcrack 
initiated by means of the dislocation pile-ups has not been detected until now, it is not denied that the microshear 
played an important role on SCC advance under the high loads. As stated above, for instance, the dislocation motion 
to the cracking planes could accelerate the microcleavage process. Meanwhile, the stress concentration areas, caused 
by the shear deformation, acted as the preferential SCC nucleation sites or anodes to be dissolved. Hence, it is 
considered that the microshear was one of the main SCC mechanisms at the high stress levels, possibly in favor of 
microcleavage and anodic dissolution. 
4.3. Localized dissolution 
SCC was an electrochemical process in essence, in which anodic dissolution of freshly exposed surfaces induced 
the crack growth, referred to Logan (1952), Vermilyea (1972), Kolman et al. (1999), Newman and Gutman (2007), 
and Hall (2009).In our experiments, the effect of dissolution on SCC was different with the extension of the cracks 
from the non-surface-slipping areas to the necking zones under the constant loads. That is, SCC was primarily 
controlled by localized dissolution under very low loads. In this case, the stress was not enough to cleavage or shear 
deformation. According to the localized dissolution mechanism and the experimental results, the new defects were 
able to be formed on the crack fronts and the normal stress for cleavage should firstly play a role on SCC, then the 
dislocations slip along {1 1 1} planes when τ ≥ τC. Inversely, the freshly formed surfaces by cleavage or yielding 
served as anodes to be dissolved. Consequently, the synergistic effects of localized dissolution, microcleavage and 
microshear induced SCC initiation and propagation at the high stress levels, while anodic dissolution and 
microcleavage were main SCC mechanisms under the low loads. In terms of the Faraday’s law, the instantaneous 
crack growth rate, a, can be expressed as a function of the instantaneous anodic current density, ia, 
 
                                                                                                                                                                                 (10) 
 
where M is the molecular weight; z is the charge of the metal cation; ρ is the metal density; F is the Faraday’s 
constant. In the light of Eq. (10), however, the calculated SCC propagation rate did not correspond with the 
experimental obtaining, which should be caused by the localized dissolution not being the single SCC mechanism. 
Thus, the above three microscopic mechanisms ought to be comprehensively considered in the process of SCC 
advance. 
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5. Conclusion 
A three-dimensional SCC model under low loads was created, where a microdefect preferentially initiated on the 
crack front near the mid-thickness of the specimen due to anodic dissolution; then, the defect gradually enlarged and 
secondary microcracks emanated from the defect shoulders, angularly extending to the two sides of the specimen. 
Finally, some of the secondary microcracks reached the sample surfaces, resulting in the formation of the 
discontinuous surface cracks and the disconnected steps of the typically river-like fractograph. It is concluded that 
the synergistic effects of microcleavage and localized dissolution induced the SCC advance on the low surface 
energy crystal planes. The Microshear was also a primarily microscopic SCC mechanism at the high stress levels. 
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5. Conclusion 
A three-dimensional SCC model under low loads was created, where a microdefect preferentially initiated on the 
crack front near the mid-thickness of the specimen due to anodic dissolution; then, the defect gradually enlarged and 
secondary microcracks emanated from the defect shoulders, angularly extending to the two sides of the specimen. 
Finally, some of the secondary microcracks reached the sample surfaces, resulting in the formation of the 
discontinuous surface cracks and the disconnected steps of the typically river-like fractograph. It is concluded that 
the synergistic effects of microcleavage and localized dissolution induced the SCC advance on the low surface 
energy crystal planes. The Microshear was also a primarily microscopic SCC mechanism at the high stress levels. 
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